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SUMMARY

Theeffectsof compressibilityontheflowabouttheNACA0012air-
foilina windtunnelandh freeairhavebeeninvestigatedby the
re~tion method.Thedetailsofhowthenumericalworkis carried
outhavebeendescribed~reviously.Thesolutionsobtainedcoverthe
incoqmessiblecase,thecaseswhentheentireflowis subsonic,the
casewhensupersonicregionsarepresent,andseveralcaseswhenthe
supersonicregionterminatesh shockwaves,thatis,lost-critical
flow. Comparisonsaretidewithexperimentalresultsandwithapproxi-
matetheoriesforthecomyressibilJtyeffectsandforwind-tunnel
interference.

Thecalculatedresultsdescribecompressibilityeffects,as
obsemedeqerhentallyjconsiderablytbetterthananyofthewell-known
compressibilitycorrecti~formulas.Thepredictedyost-criticalflow
patterns,includingtheshockwavesifpresent,agreewellwithexperi-
mentalpressuredistributions.Theresultscalculatedby thismethod
agreewithexper~tal resultsaswellasyossibleforanytheorybased
Uporia frictionless-fluj.dmodel.To includefrictionh thecalculations
involvesconsiderablygreatercomputationtimeanda modernsequence-
controlledcalculatoris intklcated.

Theeffectof
practicalpurposes

comyressibiMtyonairfoilperformanceisformost
negligibleforvelocitieslessthanabout0.3of the

speedof sound.AbovethisMachnumbertheeffectsof compressibility-
increasemoreandmorerapidlyuntiltheyassumemajorimyortanseh
theaerodynamicperfo~ce ofairfoileandotherboties.A numberof
moreor lesssuccessfulattemptshavebeenmadetopretictinanapproxi-
matewaytheeffectsof compressibility.Perhapsthebest-lmcmnformulas
forthecorrectionoftheflowabouta bodyarethoseofPrandtljGlauert,
VonK&m&i,and
compressibility
deviationsfrom

Tsien(references1 to4,~espectively).h allthese
correctionformulas,highaccuracyisattainedforsmall.
theticompressibleflow,buttheaccuracydecreasesas

—— —.. .—————— - . .——— -z— .—— ———. — —----



NACATNNO. 17462

the
the

Machnumberincreases.~ no casehasitbeenyossi%leto~retict
preciseMch nuder atwhichshockwavesfirstap@r norto give
yictureatalloftheflowabotithelodyaftershockwavesare

yresent.lhfact,thereareno anelyticalmethodsavailableat the
yresenttimewhichaypeartobe adequateto obtainsolutionsoftheflow
abouta lodywhenshockwavesareTresent.Besidestheseriouseffects
of compressibilityonairplaneyerfomnanceandonabi~tyto_pre&Lct
theoretic.alQwhatwillha~en,thereisan additionalseriousdifficulty
whicharisesinattemptingtostudytheseeffectsexperimentally.The
bestmethodof studyingaerodynamicperformancethathasbeendeveloped
istheuseofwindtunne~. Thewind-tunnelwzdd-sintroduceeffects
whicharenotyresentforthesamebodyflyinginfreeair,andwind-
tunnelresultsmust,therefore,be correctedfortheeffectsofthe
wa12EifaccuratepredictimsaretobemadeforfkL@t infreeair.
Theoreticalpredictionsoftheeffectofwind-tunnelwallsforincom-
pressiblefluidshavebeensuccessfulwiththerequiredaccuracy.For
increasingllachnunibers,however,thecorrectionsincreaseveryrapidly
andhavea veryprofoundeffectontheflowas shockwavesapyear.
Thus,thebesteqerimentalmethodinaerodynamicsis seriouslyhandi-
ca~pedby thelackofknowledgeofwhatwind-tunnel-wallcorrections
shouhlbemde towind-tunneltestresults.

In severalrepmts(references5 to 8) therelaxationmethoclfor
thenumericalsolutionofprtial~ferentialequationshasbeenextended
to includetheflowofcaqressiblefluids.h theyresentrepotithese
methodsarewed to congmbetheflowaboutan airfoiltia windtunnel
andinfreeair. Severalyearsagowhenthisworkwasstarted,tests
wereplamnedby theNACAforthesymmetricalNl@A0012airfoilwitha
5-inchchordinan 18-inchtwo-Mmensionaltidln!muel.Thesetests
wereto involveamongotherthingsTressure-distributionmeasurements
at zeroangleofattackoftheairfoilsothatthisparticulararrange-
mentwasdecidedu~onforthe~esentcomputations.

ThisworkwasdoneatHarvardUniversityundertheqxmsorshiyand
withthefinancialassistanceoftheNationalAdtisoryCommitteefor
Aeronautics.

Theauthoraclnuwledgestheveryableandyatienteffortsof
Dr.Priscillal?.Bok,whocarriedouttheinvolvednumericalccmQuta-
tionsreqtiedto obtainthesolutionsyresentedinthisreport.
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b

pressurecoefficientforincompressiblefltid,i.e.,M . 0

tunnelheight

localllachnumber

Machnrmiberofundisturbedstream

lcxalstaticyre&nme

‘staticpressureofundisturbedstream

stagnationpressureofundisturbedstream

localvelocity
\

velocityof undisturbedstream

velocityrelativetovelocityofundisturbedstream
(1)!l.!ll

airfoilthickness

angleofattack

isentro~icexponent

streamfunctionforcompressiblefluid

streamfunctionforincompressililefluids

massdensityoffluid .

massdensityoffluidinundisturbedstream

velocitypotentialforincompressiblefluid

PROCEDURE

Thecalculationshavebeencai’riedoutessentiallyaE described
inreference~. Thefirststepwasto cqute anddrawtheairfoil
accuratelyonthecenterlineofthewindtumnelwiththerllmermions
mentionedpreviously.(Seefig.1.) Bynumericalcalculations,the
incompressiblestreamfunctionq andvelocityQotentialE were
computedandwerethenusedasa coordinatesystemforthecalculation

-.—— .. .. . . ... ___e _ —— . ~. .. . .~....z
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Q

oftheflowofthecompressiblefluid.Theactualcalctitionswere
carriedoutby a squarenetworkofpointswhichwerewidelyqaced ,
(2in.) farfromtheairfoilandwereverycloselyqaced atthe
criticalsectionsoftheairfoilsurfaceitself.Thesmallestnets
usedwerel/32inch(ascomparedwiththe5-in.chord). Thesefine
netswereusedat thenoseoftheairfoilwhereconditionschangevery
rapidlynearthestagnation~otitandalsoonthesurfaceoftheair-
foilnearthenosewherethevelocityishi@estandhencewherethe
greatestaccuracyisrequiredforthecompressibilitycorrections.A
totalofa~oti&Xl~ointswasused=If thefinestnethailbeenextended
t&o@ tieent~eregion,about200,000yotitswouldhavebeenneeded-e
Thestreamfunctionv wasfirst-cczqtied=TheCauc@-Ri~
equationsinfinite-differenceformwerethenusedto camputethe
velocitypotentialE..Theaccuracyoftheveloci~~otentialthus
obtatnedwasnotsohighasfor T butwasincrwed tothisaccuracy
byrelaxation. \

= fi~e 1 thegeome~ andessentialMmensionsof theairfoilin
thetunnelareshown,andinfigure2 thestreamMnes,eqtiyotential
Mnes,andconstant-velocityWes aredrawnfortheincm~essible
flow. Thevaluesonthecormtantvelocitylinesareindicatedby values
of qi whichareequl tothevelocityofthefltidatthatp@nt
dividedbythevelocityofthefluidat infinity=Theaccuracyofthe
numericalcalculationis considerablyhi@er thancanbe shownin
figure2. Thecalculationsweremadewithfivedigits.Thestream
functiononthecenterWe ofthetunnelandonthesurfaceofthe
airfoilwastahn as zerowhilethatonthetunnelwallwastaken
asW,(MO. Thislargenumberofdec= @aces isrequiredifreasonable
accuracyinthevalueof qi istobe obtained,andaccurateqi valws

essentialfortherelmbivelysensitiveeffectsathi@ Machnumbers.
preciseaccuracyforthevalueof qi istifficul.tto estmte.

RESUID’SJU’JDDISCUSSION

Thecalculationsfortheairfoilinfreeaireve resultswhich
lookessentiallylikefigwe2. Thedifferencesareverysmallandthe
significantdifferencesarebetterintllcatedintermsoftheyressure
coefficientandtheso-calledinducedvelocity.

In figure3 the
chordoftheairfoil
airfoilinfreeair.

distribtiionofpressurecoefficientalongthe
is shownfortheairfoilinthetunnelandthe
Thepressurecoefficientisdefinedby

.

.——— .—— .. ——.
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c%=

=1- %2 (1)

Notefromthisequationthatthedeviationof %2 RUM 1 @ves the

yressurbcoefficientandhenceonedecimalplaceofaccura~islost
immediatelyuToncomputinga pressurecoefficient.Itisforthis
reasonthata largenumberof decimalplacesisrequiredfortheoriginal
calcuhtion.Noteinfigure3 that thedifferencebetweenthecoeffi-
cientsinthewindtunnelandinfreeairiEonlyabout4 percentofthe
maximumcoefficient.Ih figure3 thereareplottedforcomparisonthe
calculationsmadeattheNACA,usingTheodorsen’smethod(references9
endlo). No attempthasbeenmadetoreexmuinehismethodt~ see
whetherthedeviationsfoundaretobe exyected.It isnotpossible
to locatethecauseofthisdifferencewithouta considerablereexami-
nationofbothcalctitions.Thepressurecoefficientfortheairfoil
inthetunneliseverywhereofsll@Klygreatermagnitudethanthatfor
theairfoilinfreeair. Thisisphysicddytohe expectedsince,with
a wind-tunnelwallyresent,thereismore“venturi”effectthanifno
restrainthadteen@aced ontheshapeofthestreamlinesdistantfrom
theairfoil.

Theeffectofthetid-tunnelwallcanalsobe consideredas
representedbythechangeinvelocityatanypointintheairstream
~roducedhy theintroductionofthetumnelwalls.In figure4 the
velocityinducedby wind-tunnelwallsinthenarrowestsectionbetween
theairfoilandthetunnelis shownas coqutedfromapproximate
mf.cal e~ressfoupresentedby!l?hcm(referenceI-1)andas cmquted
bytherelaxationmethod. 0“

Aftercomputingtheforegoingincompressiblesolutions,theflow
ofa compressiblefltidwascomyutedfor.a seriesofMachnumbersby
usingthestreamfunctionandvelocitypotentialas a coorhte system.
Thisavoititheuseofawkwardboundaryconditionss-ticenowtheentire
boundaryconsistingofthesymmetricalaxisofthetunnel@us the
surfaceoftheairfoilbecomesa singlestrai@tline.Thefollowing
tableshowsthecasescalculatedforMachnumbersoftheundisturbed
stream.

.— —---- .._. . . . . . . . . —————— ——z ._ __ _ ._-_. _ ——————
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A5rfoilintumnel

M1=O

M1 =0.4

M1 =0.6

M1 =0.7

Ml = 0.73; no shockwavepresent

Ml . 0.74;shockwave~resent

Ml . O.~; shockwavepresent

Airfoilinfreeair

M1=O

M1 =0.7

Ml = 0.75;no shockwavepresent

.

Thecalculationsforthecompressiblefluidunderthosesubsonic
conditionsforwhichno supersonicregiona~yearsareverysimpleto . .
carrythro@. As a supersonicregionay~ears,andparticularlyas
shockwavesarerequired,thesolutionbecomesincreasinglydifficult
to obtain,anditisoften~ossibleto getanyparticularsolutionon
thefirstatteqh. Fortheairfoilinthetunnel,forexample,coqu-
tationsweremadeintheorder-Ml = O,0.4,0.6, and0=7. Oncarrying
outthesolutionat Ml = 0.7,itwasnotedthattheMachnumberhad
almostreached1 at onepint oftheairfoil- 20 percentofthechord.
Itwasthoughtthata jmnpto Ml= 0.8 wouldbetoogreat~ch as
shockwavesundoubtedlywouldappearbeforethistime,so Ml . 0.75
wasthenefisolutionattemyted.Afterconsiderableeffort,itwas
suspectedthatno solutioncould%e obtainedunlessa shockwavewere
included,sothissolutionwaatemporarilydroppedand Ml= 0.74 was
tried.Thissolutioncouldnot30 obtainedeithersotheMachnumiber
wasagaindropyedtoMl = 0.73. Forthiscase,a solutionwasobtained
without”serioustrouble,andwiththissolutionitwasa relativelyeasy
mattertoreturntothesolutionfor Ml-=0.74 andintroducea shock
wave. Themethodbywhichitwasfoundconvenientto intioducetheshock
waveisinstructiveinthatthenumericalprocessheremadeuseof some
ofthecharacteristicsofa ~erbo~c equation.Theresidualsthathad
notbeenre&vabl.einthefirst@ace ina solutionfor Ml = 0.74 were
distributedprimarilyh thesupersonicregionalongsideoftheairfoil.
Onreturningtothissolution,theseresidualsweremovedbackfrom
columnto columnuntilalltheresidualshadbeenaccumulatedintwo
columnsneartherearofthesupersonicregion.Thenanattmptwas
madeto introducea shockwave,followingthemethoddescribedinthe
apyendixofreference6. Ifthetwocolumnsofresidualsaccurately

#
/

.

,
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describeda shockwaveaftera fewattemptsatadjustment,thena
solutionhadbeenfound.Ifnot,theresidualswereagainmoveddown-
streamonecolumnandtheshockwavewasagaintried.Aftera few
trials,itwasfoundpossibleto geta soltiionwitha shockwave
present.Thesolutionsforboth Ml= 0.74
airfoilinthetunnelhaveshockw&es. For
no shockwaveswererequiredat Ml . 0.75.
certainthattheywouldberequiredat Ml =
valueof Ml a triflehigher.

and Ml = 0.75 withthe
theairfofilh freeair,
However,itwasfairly
0.76 orperhaysata

h figure5 areshownthestreamlinesandconstantMachnumber
linesfortheairfoiltithewindtunnelat Ml= 0.75.Theshock
wavetouchestheairfoilat 32yercentofthechordandbendsupstream.
Itstotal.lengthisabout20percentofthechordatthisMachnumber.
For cdmprison,figure6 showsthestreamMnesandconstantMachnumber
linesfortheairfoilinfreeair. No shockispresenttithiscase,
andthemaxbnumMachnumberontheatifoilis1.1oratherthan1.165
fortheairfoilinthetunnel.Beforeconsideringthedetailsofthese
figures,it iswellto lookatthevariatimofMachnumberalongthe
airfoilas giveninfigures7(a)and7(b)andthepressurecoefficient
as giveninfigures8(a)and8(b). ~ thesefigurestheyressure
coefficientisdefinedby /

(2)

Thiscoefficientwasccmqutedfromthestream-functionvaluesbyusing
thecommutationcurvespresentedinreference5. Theoutstanding
featuretobe observedinfigures7(a)and8(a)isthevariationof
Machnumberandyressurecoefficientwhena shockwaveisyresent,in
particularthevariationofthesequantitieshmmtiatelyfollowingthe
shockwave.Thevelocityandpressurecoefficient,whichhavekge
ma@tudes immediatelyprecedingtheshock,dro~abrvptlytovalues
considerablybelowthoseappro~iatetothecorrespondingquantities
onthetrailingportionoftheairfoil.Thepressurecoefficient,in
fact,evenfalJsinmagaitudebelowthecorrespondingincompressible-~
fl~d coefficient.Thisextremedro~isimmediatelyfollowedby a very
rapidrisesothatvaluesonthetrailingportionoftheairfoilfall
inqbouttheposition-tobe e~ectedon etirapolatfonofvaluesobtatied
at lowerMachnumbers.Thisphencxnsnon,whichinthepresent.calcu-
lationsverifiestheftidingsdescribedh reference6 by actualJy
havingasmanyas threenetpointsintheregionofrise,is causedW
the curvatureconditiondescribedinreference6. WS aypearsso

.—.— - ——.—.—- __,_ ._._.— ———— —. —.—. _ ..__ _ _. . _
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Iqortantthata briefreiterationofthephysicalideasseemsworth
while.Sincethestreamisrequiredto followtheairfoilsurface,
thecurvatureofthestreamlinesadjacentto thesurfaceis specified
bythatsurface.Sincethesmfaceiseverywhereconvex,theremust
be a yressureincreasenormalto theatrfoilsurfaceinorderto cause
thevelocityvectortoturnasthefluidflowsalongthesurface.
Followingtheshock,however,theshockcotitio~@ve l?roduceda
pressurevariationnormaltothesurfacedependentonthepressure
variationjustpriorto theshock,andin generalforMachnumbers
near1 thepressurevariationnormalto thesurfacewillbe reversed
by theshock.Hencethefluldmuatreadjustitselfveryrapidlyifit
istofoIL3wtheairfoilsurface.Thiscurvatureconditionisrespon-
siblefortherapidpressurerise.

Somefree-flightexperimentalpressurecoefficientsonanI’?ACA
0012airfoilat a= O aregiven-infigures9 and10. Thesedata
wereobtainedbyTheGlennL.MartinCO.duringtheconductofan
investigationfortheNavyDepartment.Theexperimentaldatawere
obtatiedby a wing-flowtechniqueandaresubjecttoa numberofrather
largeexper-ntalerrors.Themostimportantoftheseisthedifficulty
inmatitaininga zeroangleofattack.Thepressurecoefficientsonthe
upperandlowersurfacesweredifferentandtheaverageisplotted.

A comparisonoffigures8(b)and9 showsmanycommongeneral
features.Theyressurecoefficientfalls(inmqpitude)withincrease
ofMachnumbernesrthenose;e~ewherethereverseistrue.The
pressurepeakmovesupatfirstS1OWI.Y,thenmorerapidlywithincrease
ofMachnumber.At thesamethe, theyressureyeakmovesawayfrom
thenose.

If,atthepointalongtheairfoilwheretheexperimentaldataare
unsteady,a normalshockwaveisassumed,thedashedsectionsofthe
graphoffigure9 areobtdned.Theseagreequalitativelyverywell
withthecomputedresultsoffigure8(a).Withboundarylayertheshock
wavewillUEuallybe ob~q.ue.

Jhfigure5 somedetailsoftheTrocessofadjustmentareindicated
bytheoccurrenceofa saddleyointintheMachnumbersurface,which
totheaccuracyofthepresentsolutionsappearstobe at Ml = 0.915.
Anothertiteresting,thou@ lesssyectacularjresultmaybenoted-me
mxcimmnllachnumberontheatifoilsurfaceincreasesmoreandmore
rapidlyastheUndisturbed-streamlkchnumberincreasesandthepoint
onthechordonwhichthemaxlmumhlachnumberoccursmovestowardthe
traillmgedge.At thehigherundisturbed-str-Machn~ers, the
pressurecoefficientneartheleatigedgetendsto fall-belowthose
forlowerMachnumbers.It shouldalsobe observedthattheshockwave
doesnotoccurontheairfoilsurfaceatthepointwherethehighest
lkchnumberetists.Forexanqle,for M1=0.75 the~mch
number~ ontheairfoilsurfaceoccursat26 percentofthechord

.—. — ——- . —— .— —
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a iS 1.165. TheMachnzmiberthenfallsto M . 1.140Immediately
beforetheshockwave,whichisat32percentofthechord.Afterthe
shockwave,thelkchnumberis0.875andrisesrapidlyto a marlmum
of M= 0.955beforefallingh thecustomarywayalongtherearhalf
oftheairfoil.

A comparisonofthevariationofpressurecoefficientalongthe
chordasaffectedbythewind-tbelwall-sisshownh fiwe ~ for _
an und.lsturbed-streamMachnumberMl equalto0.70.Thisfigure
shouldbe con?qmedwithfigure3,wherethecorrespondingticoqressiKle
coefficientsareplotted.For Ml= 0.70 thedifferenceh Treasure
coefficientisabout18~ercentofthemaximum,a considerablylarger
differencethanthe4 percentoftheinccnnpressiblecase.Thecurves,
however,arestillquitesmooth,and.itwould.b’ee~ected,therefore,
thata reasonablysimpleapproximatetheoqmi@t servetoyredictthis
difference.Thedifferencebetweentheyressurecoefficientfora
coqressibleflowwitha shockwaveandtheincompressiblefluidflow
variesconsiderablyfromonepointto anotheralongtheairfoilandat
maximumisalmostequaltoone-thirdofthemaxhrumcoefficient.(See
fig.l!?.)

Comparisonhasbeenmadebe&eentherelaxationsolutionforthe
effectof compressibilityandthepredictionsmadeon thebasisofa
m.miberof currentapproximatetheories.Ih figures13and14,twocases
areplotted- thefirstfor Ml = 0.73 andthesecondfor Ml= 0.60.
Theapprodmatetheories
equations:FromPmndtl

potedforcoqarisonaxegivenby thefollowing
andGlauert(references1 and2,respectively),

-%4= c%
(L-.@l/2

fromVonK&&n andTsien(references3 and4,

(3)

res~ectively),

c%=c~o ‘(’-M:)”2+,::22),,2>
- Ml

(4)

.—. .—— . —. —— —. — . . . —..
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and.frmntheassumptionof

Valuesof ~ ~
2&

figure24 ofreference

andfrom

where

!&2
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proportionalityofldneticenergy,

wereobtainedfromcommutationcurve13,

5. FromTem@e-Yarwood(reference12),

Garrick-IQplan(referenoe13),

T= M?
—+$2
Y -1

.

(5)

(6)

.

,

- (7)

.
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It istobenotedthatallthesetheoriesarewithin*I-Opercentofthe
relaxationsolutionandtheVonJ&rm&flsienequationgivesalmoat
exactlythesameresultaEtherelaxationsolutionup to Ml = 0.6.
However,it istobenotedthatallthetheoriesdeviateverybadly
at Ml = 0.73,which,it shouldreme@ered,isverycloseto thefirst
appearanceof shockwaves.Crossplotsoftheyressurecoefficient
for20 and30percentofthechordareshownasfigures17and16,
respectively.Hereagainitis obvi~usthattheapproximatetheories
aregooduntilaboutMl . 0.6 afterwhichthedeviationsbecome
considerable.Followingtheappeamnceofshockwaves,theapproxi-
matetheoriesbecomeccqletelyworthless.

Itmightbewellatthis~ointtotabulatea fewspecialvalues
obtainedfromthesolutionswhic4shouldbe checkedagainsteqerimental
resultswhentheseareavailable.

.

I Machnumberonthe

‘eat ~contition
2ercentof chord Ml
I I

Airfoilintunnel I 20.5 0.710

AirfoilinfreeairI 17.2 .725

Thefirstshockwave
appearsat -

Percentof chord Ml

25 0 .73+

%22 I a“75+

!Free-airsolutionwithshocknotcarriedout. Theseappro~te “
valuesobtatiedby extrapolation.

CONCLUSIONS

Calculationby therelaxationmethodoftheeffectsof compressi-
bilityontheflw-abotitheNACA0012airfoilat zeroangleof attack
ina *a tunnelandinfreeairyieldsthefollowinggeneralconclusions:o

1.Pressure-coefficientandMachnumbervariationsalongtheNACA
0012airfoilina ma tunnelma in freeairweregreaterthanexperi-
mentalresultsbecausetheboundaqlayerwasneglectedh the
comyutatlons.

2. Comparisonsoftherelaxationsokationswiththepredictions
of severalapproxhatetheoriesshowedmostofthelattertofallcon-
siderablytoolowathighMachnumbers.Thepresenttheoryisinbetter
agreementwithexperimentalresd.tsonthisairfoil.

.. —.—..—.—-— ,— .,. ..— — —.—.—. —. .-.———— -——-—--- ---------- --- -——.—.. - — —



12 MACATNNO. 1746

3. Becauseoftherequirementof continuityof streanddne
curvatureacrosstheshockatthesurfaceoftheairfoil,the&Ls-
continuousdroyofpressure-coefficientmagnitudethroughtheshock
isfollowedb~ a rapidrise.Thisrapidriseaccountsfortheexperi-
mentalfactthatthefallinmagnitudeofpressurecoefficientas
measuredisneveras largeas@at tobe expectedfromthemeasured
Machnumberbeforetheshock.

4.Althou@therelaxationmethodapyearsto beadequateto solve
theveryinvolveddifferentialequationsandboundaryconditions
describingtheflowofa compressiblefluid,thecalculationsaretoo
involvedtopetit thetivestigationof a verywiderangeof interesting
caseswithouttheuseofhigh-speedcalculatingmachines.

5.A numberof @ortant eqertintallyobservedeffects,especia~
in thepost-criticaltransoticzone,arenotadeqwtel-ydescribedbythe
presenttheoryoffrictionlessadiabaticperfectgasplusshock-wave
d.isconttititieswhennecessary.No analyticalsolutionswiththismodel
fluidcanbemoreadequatethanthepresentrqsults.To describe
experimentalresultsbetterrequirestheinclusionoftheboundarylayer.

HarvardUniversity
Cartibridge,mss., I&Y~,~9~6

.
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o 0
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?0 6.002
40 5,803
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3.664
: 2.623
m 1,448
95 .807
100 0

L,E. radius: 1.58 percent C

Figure 1.- The problem calculated. NACA 0012 airfoil at zero armje of attack on center tie of a

wind tunnel and in free air, that is, with tunnel walls removed, ~ = 0,12; : = 3.6; ~ = 3,
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Figure 2.- Streamlines and equiptential lines for the flow of an incompressible fluid p+ an
NACA 0012 airfoil in a wind tunnel. a = O; Ml = O. Constant velcxity Ilnes shown for various
values of qi.
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Figure5.-Streamlines and constant Mach number lines for flow of a compressible fluid past sm
NACAO012 airfofl in amid tunneL cc- O; Ml -0.75.

. .



.

I

I
I

!
I

La

1.0

j 1.4

B

i L2

d>

!i
k 1.0

i

1 .8

~
.

i!
,6

,4

.2

$.0 -.8 -,0 -.4 -.2 0 ,2 .4 .8 ,8 Lo 1.E L4 LO LB Zo

$d=l

Emam9fmlwdlIgdgec4wcdl,:, f.r&2tlm0fcb?rd
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(a) In windtunnel.

Figure7.-MachnumberdistributionforNACA airfoil.a = O. .
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Figure9.-Experimentalfree-flightpressuredis~butionfortheNACA 0012
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Figure10.- Comparisonofrelaxationsolutionwithexperimentalpressure
distributionfor.NACA0012airfoilat a = O fromflighttests.Curves
indicatecalculatedresults.Pointsindicateexperimentalresults.
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